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Abstract Pollen records suggest that Abies alba played a
dominating role in both the montane and lowland forests at
the border of the Southern Alps between ca. 8500 and 5700
years ago. Two major declines in fir, at about 7300–7000
cal b.p. and at ca. 6000 cal b.p., followed by the local ex-
tinction of the species are characteristic of the area below
ca. 1000 m a.s.l. In order to test the impact of fire on the
population dynamics of silver fir, a dynamic model (DisC-
Form) with a fire module was applied to simulate the early-
and mid-Holocene forest development. Simulation outputs
based on different fire scenarios were compared with the
pollen record from Lago di Annone (226 m a.s.l.). The
marked Abies decreases shown in the pollen record can
be simulated with very intensive fire scenarios, but they
do not result in an extinction of silver fir in the model.
Low charcoal influx values related to the Abies declines in
the palaeobotanical record suggest that fire was not the only
reason for the extinction of silver fir. Human impact, as well
as Holocene climatic changes leading to temporary mois-
ture deficits and reduced adaptability due to low genetic
variation may have had a significant impact on the Abies
forests.
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Introduction
Silver fir (Abies alba Mill.) in the Southern Alps has had a
rather dramatic history, which may be attributed to natural
and/or anthropogenic causes. Pollen records suggest that
Abies alba was a major constituent of the forests on the
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southern slopes of the Alps down to the Po Plain between
about 9000 and 6000 cal b.p. (Schneider 1978; Schneider
and Tobolski 1985; Wick 1989; Tinner et al. 1999). Natural
stands of silver fir today are restricted to the upper mon-
tane zone, i.e. to the belt between 1000 and 1700 m a.s.l.
(Bra¨ndli 1998). The species is considered to be sensitive
to atmospheric or soil drought during the growing season
and to be less competitive on calcareous soils (Le´vy and
Becker 1987; Becker 1989; Guicherd 1994). While the rea-
son for the silver fir decline is not clear, all data suggest
that the species disappeared as a response to unfavourable
environmental conditions, which caused more or less si-
multaneous Abies decreases at about 7000 and 6000 cal
b.p. (Zoller 1960; Schneider 1978; Schneider and Tobolski
1985; Wick 1989, 1996a; Tinner et al. 1999; Gobet et al.
2000). Reasons suggested for the extinction of Abies in-
clude fire, climatic change, and increasing anthropogenic
pressure (Schneider and Tobolski 1985; Wick 1989; Tinner
et al. 1999).
The influence of various biotic and abiotic factors on
the vegetation has been determined by comparing pollen
records with forest development scenarios generated with
dynamic models (Lotter and Kienast 1990; Lischke et al.
2000; Keller et al. 2002). Whereas Keller et al. (2002) used
the dynamic model DisCForm to simulate Holocene vege-
tation development at Lago di Annone (226 m a.s.l.) with
respect to climate and migrational processes, the empha-
sis of our study is placed on the population dynamics of
silver fir and the role of fire. With the aim of assessing
the importance of fire as a cause for the mid-Holocene sil-
ver fir decline, the DisCForm model was extended by fire
scenarios based on subfossil charcoal records from nearby
lakes (Tinner et al. 1999) and the simulation outputs were
compared with the pollen record from Lago di Annone.
The study site
Lago di Annone (226 m a.s.l., Fig. 1) is one of several lakes
situated near the southern end of Lago di Como (Northern
Italy), in the transitional zone between the southern slope
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Fig. 1 Study area; the location of the sediment core AN-2 is marked
by an asterisk
of the Alps and the Po plain. The lake has a water surface
of 5.5 km2, a maximum water depth of about 14 m, and a
catchment area of 22.5 km2. The two-part basin is close to
Monte Barro (922 m a.s.l.) to the north-east and Monte Rai
(1261 m a.s.l.) and Monte Cornizzolo (1241 m a.s.l.) to the
north and north-west.
Lago di Annone is situated in the warm-temperate In-
subrian climate, characterised by mild and fairly dry win-
ters and high summer precipitation. The bedrock geology
around the lake is mainly formed by Mesozoic carbonates,
i.e. Cretaceous flysch. Little is left of the natural vegeta-
tion in this area; the forests on the slopes of Monte Barro
and Monte Rai mainly consist of Castanea sativa, Quer-
cus pubescens and Alnus glutinosa. Fraxinus ornus and
Ostrya carpinifolia, two characteristic taxa of this sub-
mediterranean vegetation complex (Oberdorfer 1964), usu-
ally occur in successional forests on abandoned meadows
and pastures. The forests above 800–1000 m a.s.l. are dom-
inated by Fagus sylvatica.
Methods
Pollen and charcoal analysis
The palaeobotanical investigations were made on a sedi-
ment core taken with a modified Livingstone piston sampler
in about 6 m of water depth (Fig. 1). For pollen analysis the
core was sampled every 2.5 cm and the material (1 cm3)
was treated using standard methods. Tablets with a con-
stant concentration of Lycopodium spores added to each
sample facilitated the calculation of pollen influx (Stock-
marr 1971). For the analysis of macroscopic charcoal, the
sediment core was cut into slices of 2.5 cm thickness with
an average volume of about 70 cm3 and sieved through
a 0.2 mm mesh. Spreadsheet calculations and pollen dia-
grams were made with the programs Tilia and Tilia × graph
(Grimm 1992). Pollen percentage values are based on the
total pollen sum of terrestrial taxa in the pollen diagrams
and on the pollen sum of the tree taxa included in the forest
model for comparison with the simulation outputs. The time
scale attached to the pollen and charcoal record is based on
19 calibrated radiocarbon dates made on terrestrial plant
macrofossils (Wick, in prep.). All the dates mentioned in
the text are calibrated years b.p. Sampling resolution in the
period of interest is about 50 years and therefore lower than
in the study of Lago di Origlio (11 years) and also lower
than that suggested for long-term fire-ecological studies by
means of pollen and charcoal (5–10 years, Birks 1997).
However, since the sediment core was continuously sam-
pled for charcoal, we assume that our sampling resolution
is sufficient to detect the main fire effects on vegetation
around Lago di Annone.
The vegetation model
The forest model we used is an extended version of
the DisCForm model (Lischke et al. 1998; Lo¨ffler and
Lischke 2001) that was derived from the forest gap model
ForClim (Bugmann 1994, 1996). Whereas the traditional
gap-model approach focuses on single trees, DisCForm
is a distribution-based model, i.e. it summarises the
tree-population densities in several height classes, and
represents spatial variability by theoretical descriptions
of the tree density distribution (Poisson distribution) in
each height class. From the tree population densities in the
different height classes the biomass per species in tons per
hectare (t/ha) is estimated.
As model input data, site-specific data for bioclimatic
variables, immigration dates, regional fire history and hu-
man impact were used. To avoid any kind of circularity,
the model input is not based on palaeoecological data from
Lago di Annone. Details of the model as well as of the
climate and the immigration input are given by Keller et al.
(2002).
The fire and human impact modules
In order to simulate the impact of fire and human activity in
the catchment of Lago di Annone, two sub-models (mod-
ules) were added to DisCForm. The fire module includes a
fire-history scenario based on the charcoal influx data from
Lago di Origlio, a small lake situated about 40 km west of
Lago di Annone (Tinner and Conedera 1995; Tinner et al.
1999). Following the suggestion that charcoal records in
lake sediments represent fire events within a radius of 20–
50 km (Clark 1990; Tinner et al. 1998), the fire scenario
from Origlio can be assumed to reflect major trends in the
fire history at Lago di Annone as well.
The charcoal influx values from Lago di Origlio (Tinner
et al. 1999) were grouped into four classes (1 to 4, Fig. 2)
characterising the fire regime of each 20-year simulation
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Fig. 2 The fire-history model input based on the charcoal influx
values from Lago di Origlio (Tinner et al. 1999); class 0 represents
very low fire frequency and intensity, class 4 high fire frequency
and/or very hot fires
interval. It is not possible to differentiate between fire fre-
quency and fire intensity from charcoal data. The variable
combines the intensity of single fire events and the dis-
tance between the area burnt and the lake. Based on these
fire values, the mortality rates of the different tree taxa were
Table 1 Fire-sensitivity factors of forest trees as used in the fire
module
Fire-sensitivity
factor
Definition of
fire-sensitivity factor
Taxa representing the
fire-sensitivity factor
0 Fire-tolerant: high fire
frequency favours
abundance
Corylus
1 Fire-tolerant: indifferent or
favoured by moderate to
high fire frequency
Quercus
2 Fire-tolerant: high fire
frequency leads to
decreases
Fagus
3 Fire-intolerant: fire
strongly affects the taxa,
may lead to local
extinction
Ulmus, Tilia
4 Fire-intolerant: fire rapidly
leads to local extinction
Abies
After Delarze et al. (1992) and Tinner et al. (2000)
modified in the model. In the Southern Alps, Delarze et al.
(1992) and Tinner et al. (2000) classified the major tree
species with respect to their specific reaction to forest-fire
frequencies. Referring to Tinner et al. (2000), we defined
fire-sensitivity factors as shown in Table 1.
Since forest fires affect the mortality of trees as well as
the establishment of seedlings (e.g. Bond and van Wilgen
1996), the fire module interacts directly with the mortality
rate and indirectly with tree establishment and competi-
tion. The model was run with different impact factors, i.e.
different levels of fire intensity (fire index i), ranging from
0.666 to 4 (see Table 2), where a fire scenario of 0.666 indi-
cates a fire that passes very quickly as a ground fire without
causing much damage, whereas an index of 4 represents a
strong, hot crown fire. Together with the species-specific
sensitivity (ss), the fire index affects the mortality coeffi-
cient of the DisCForm model. This mortality coefficient is
multiplied by the fire intensity class derived from the char-
coal data from Lago di Origlio. The fire module may be
summarised as follows:
 = vt × i × ss
where  is the resulting mortality coefficient, vt is the
given fire intensity at a certain period (based on charcoal
data from Lago di Origlio), i is the fire index and ss is
the specific reaction of a tree to fire (species-specific fire
sensitivity factor, ranging from 0 to 4).
As shown by increasing values for cereals, Plantago
lanceolata, and Gramineae in the pollen records, Neolithic
human impact in the Southern Alps became important at
around 7000 cal b.p. (Tinner et al. 1999, 2000; Gobet et al.
2000; Mathis et al. 2001). In the model, this is taken into
account in two different ways, by increased fire frequency
and by the impact of browsing by domestic animals. We
call the first scenario with increased fire frequency “human
fire” and the second “additional browsing”. The latter is
based on the assumption that during periods of increased
human impact as shown by charcoal and other indicators of
human activity regeneration of trees is affected by grazing
cattle (Mathis et al. 2001).
Validation of the model outputs with pollen data
The simulations were run for the period from 12,000
cal b.p. to today and included the immigration and
Table 2 Similarity indices
comparing the simulation
outputs of different fire and
human impact scenarios and the
pollen record, with correlation
values of simulated and
subfossil Abies pollen
percentages calculated for the
time windows 9000–2000 cal
b.p. (I) and 8000–5000 cal b.p.
(II)
Fire
index
Human
fire
Browsing
pressure
Similarity
index
Correlation
value I
Correlation
value II
Graph
(Fig. 5)
0.666 + 0.615 0.37 0.64 C
0.666 + 0.645 0.42 0.66 B
1 + 0.634 0.42 0.67 –
1 + 0.662 0.46 0.69 D
2 + 0.642 0.47 0.70 –
3 + 0.642 0.48 0.71 E
4 + 0.641 0.51 0.72 G
4 + 0.682 0.54 0.73 F
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establishment processes of the different tree species. The
validation however was limited to the time span between
10,000 and 3000 cal b.p. in order to avoid time periods that
turned out to be difficult to simulate (Keller et al. 2002).
For the validation with pollen records, the DisCForm out-
puts, given as biomass per species, have to be transformed
into pollen percentages. Following previous publications
(Lotter and Kienast 1990; Lischke 1998; Lischke et al.
2000; Keller et al. 2002) we used the conversion factors
of Faegri and Iversen (1975) and Andersen (1970). They
estimate the ratio between the representation pi × P−1 of a
taxon i in the pollen record P and its representation vi × V−1
in the vegetation V. The total basal area of each tree-
height class was determined using the empirical height-dbh
(diameter at breast height) relationship of Bugmann (1994)
and then summed to the total basal area of the species
(Lischke et al. 2000).
In a first step, a visual comparison was used to choose the
most accurate simulations. In order to have a more objective
and quantitative tool, similarity indices were calculated.
Pollen data as well as the simulation outputs were first
filtered using a Gaussian Low Pass Filter with a smoothing
effect on a 400-year period. The similarity index according
to Cormack (1971) and Wolda (1981) was calculated as
follows:
similarity = 1 −
∑ntaxa
i=1
∑ntimes
j=1
∣
∣polleni, j − simulationi, j
∣
∣
∑ntaxa
i=1
∑ntimes
j=1 polleni, j + simulationi, j
where the difference of the pollen value from the simulation
output is summed for each period (ntimes) and each species
(ntaxa). The similarity index expresses the fraction of values
that are common to both data sets. It shows the differences
in the relative distribution of the simulation output and the
pollen record as well as the importance of these differences
(Bugmann 1994 ). In addition we calculated a correlation
between the Abies biomass simulations and the Abies pollen
percentage record.
Regression analyses
The significance of fire for the silver-fir declines was tested
using regression analyses between Abies alba (pollen per-
centages) and the fire indicators charcoal (influx of macro-
scopic particles) and Pteridium (spore percentages, ex-
cluded from pollen sum) in the data from Lago di An-
none. In order to exclude successional trends, such as
expansion and extinction, the data set for the regres-
sions was restricted to 37 data points between 5500 and
7450 cal b.p. (corresponding to 550–460 cm sediment
depth). Interdependencies between the taxa caused by per-
centage calculations were avoided by using influx val-
ues (charcoal fragments, pollen, and spores cm−2 year−1).
Because of non-linear relationships, all data were log-
transformed.
Results
Holocene vegetation development and fire history
at Lago di Annone
In northern Italy mesophilous tree taxa such as Quercus,
Ulmus, Tilia and Alnus immigrated during the Late-glacial
and therefore were able to expand quickly when the climate
became more favourable at the onset of the Holocene (Wick
1996b). The early-Holocene forests at Lago di Annone
were dominated by Quercus, but Ulmus, Tilia and Fraxinus
were common as well (Fig. 3). Corylus had an optimum
between ca. 10,000 and 9000 cal b.p. and Alnus spread at
about 9200 cal b.p. Although present in the area since the
early Holocene, Abies was not able to compete with the
deciduous trees until about 9000 cal b.p., when it started
to expand continuously. High pollen percentages, stomata
on the pollen slides and needles in the macrofossil record
suggest that between about 8300 and 5700 cal b.p. silver
fir played a major role both in the montane areas as well as
in the lowlands. At 7300–7000 cal b.p. a strong decrease in
Abies was followed by decreases in Ulmus and Tilia, while
Corylus and Alnus expanded. Abies was able to recover and
again became a dominant tree for a few centuries before it
finally declined between 5900 and 5500 b.p. Subsequently,
the habitats of silver fir in the montane area were occupied
by Fagus sylvatica, whereas in the surroundings of Lago di
Annone Quercus and Alnus became more frequent. After
ca. 5300 cal b.p. silver fir definitely disappeared from the
catchment of Lago di Annone.
As shown by the low charcoal influx values (Fig. 4) forest
fires occurred regularly, but with relatively low frequencies
in the early Holocene and during the two periods rich in
Abies. After the first Abies decline, frequency and probably
also intensity of fires increased. At the same time, increases
in Pteridium aquilinum, grasses and human indicators such
as Cerealia and Plantago lanceolata, together with marked
declines in Ulmus and Tilia, point to forest clearances by
Neolithic man. Also the second Abies decrease is followed
by increases in Pteridium and human indicators along with
a continuously increasing charcoal curve, suggesting a re-
lationship between Neolithic settlement and the extinction
of silver fir. However, notable lags of 200–300 years oc-
curred between the beginning of the Abies decreases and
the increases in Pteridium and human indicators (Fig. 4).
The charcoal curve provides little evidence for natural or
man-made forest fires that could have destroyed the Abies
forests. Especially during the second Abies decline char-
coal influx is very low. The high charcoal influx at the
beginning of the first Abies decline can at least partly be
attributed to a methodological effect: high concentration
and influx values of all the major taxa point to temporarily
lower sediment accumulation rates, which were not fully
taken into account by the depth-age model used as a basis
for influx calculations.
The result of the regression analysis of Abies pollen influx
and charcoal influx shows a significant negative relation-
ship (p = 0.01) between the two variables. An R-squared
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Fig. 3 Pollen percentage diagram from Lago di Annone (226 m a.s.l.) including the major taxa
Fig. 4 Pollen percentages and influx (pollen grains cm−2 year−1)
of selected taxa and macroscopic ( ≥ 0.2 mm) charcoal influx given
as charcoal fragments × 70 cm−2 year−1. Shaded areas indicate pe-
riods of cooler climate recorded in the Southern Swiss Alps: MO,
Misox oscillation, PO, Piora I oscillation (Zoller 1960, 1977), cor-
responding to the central-European climatic oscillations CE-3 and
CE-5 respectively (Haas et al. 1998)
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value of 0.173, however, suggests that forest fires were not
the only factor responsible for the Abies fluctuations. The
relationship between Pteridium and charcoal is positive and
rather strong (p<0.01, R-squared = 0.49), indicating that
bracken is clearly favoured by forest fires.
Simulation outputs and validation
The simulation outputs (Fig. 5B–G) show distinct decreases
in Abies alba at around 7000 cal b.p. as a response to
increased fire intensity in the model input. However, only
the scenario with the highest fire intensity 4, combined
with additional browsing pressure and/or human activity
(Fig. 5F and G) causes a displacement of silver fir after
6000 cal b.p. that is comparable with the pollen record.
The two characteristic peaks of Abies (around 7500 and
6000 cal b.p.), its low abundance between 7000 and 6500
cal b.p. and the virtual absence of silver fir after about
5400 cal b.p. could not be simulated. The similarity values,
ranging between 0.615 and 0.682 (Table 1), suggest no
clear preference for any of the fire scenarios.
For the mono-specific correlation between simulated
Abies values and pollen data (Table 1), time intervals of
7000 years (9000–2000 cal b.p.) and 3000 years (8000–
5000 cal b.p.) respectively were considered. For both pe-
riods the best value resulted with fire intensity 4 (i.e. the
highest mortality coefficient) and additional browsing pres-
sure starting at 6000 cal b.p. The correlation over the 7000-
year sequence is considerably better than that for the 3000-
year time interval spanning the period with the two Abies
peaks.
Discussion
In their forest simulations, Keller et al. (2002) showed that
factors other than fire, such as climate and immigration pat-
terns, are only important during the early Holocene. How-
ever more detailed simulations with fire were not done in
that study. A comparison with the simulation outputs of
Keller et al. (2002) shows that extending the DisCForm
model by a fire module has a significant impact on the
similarity index. However, the similarity index cannot be
Fig. 5 Comparison of pollen data and simulation outputs. A Pollen
record from Lago di Annone; percentage calculations are based on
the total pollen sum of taxa included in the simulations. B–G simula-
tion outputs with different scenarios of fire intensity (fi), human fire
and browsing pressure; (B) fi = 0.666, browsing; (C) fi = 0.666,
human fire; (D) fi = 1, browsing; (E) fi = 3, browsing; (F) fi = 4,
browsing; (G) fi = 4, human fire
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improved substantially by applying different fire scenarios
(Table 2). On the other hand, the simulation outputs (Fig. 5)
suggest that the patterns of individual tree taxa change with
fire intensity. Thus, if calculated over a long period, major
vegetation patterns and trends contribute to a high simi-
larity index, whereas short-term changes and responses of
single tree taxa seem to have little influence on the sim-
ilarity index. For changes within short periods and with
respect to specific taxa, correlation calculations or a visual
comparison of pollen records and model outputs may be
more useful.
Although Abies alba is considered to be highly sensi-
tive to crown fires (Buffi 1987), its rapid declines and the
subsequent extinction can only be simulated with a very
hot fire scenario and a high mortality coefficient. How-
ever, no evidence exists in the pollen and charcoal records
for such strong and frequent fires, and archaeological find-
ings indicating Neolithic human activity in the catchment
of Lago di Annone are very sparse. The DisCForm model
produces quite abrupt declines of Abies as a response to fire
events, whereas the pollen record (Figs. 3 and 4) suggests
continuous decreases within about 200–300 years that may
be due to a continuing impact of unfavourable biotic or abi-
otic factors. This shortcoming of the model might be im-
proved by using a more complex fire module including the
effects of repeated fires and the impact of fire on seeds and
seedlings.
The results of the model simulations point to a strong
relationship between fire and the abundance of silver fir,
as has been shown by fossil pollen and charcoal at Lago
di Origlio (Tinner et al. 1999). However, there are major
differences between the simulations and the pollen record
from Lago di Annone that may partly be due to the model
and its inputs. The ecological requirements of silver fir
used in the model refer to its modern distribution at alti-
tudes between ca. 650 and 1600 m a.s.l. However, there is
palaeobotanical evidence that during the early and middle
Holocene Abies alba was growing on habitats outside its
modern range (e.g. Wick et al. 2003; Carcaillet and Muller
2005), suggesting that its ecological potential is not fully
taken into account in the model. Nevertheless, both the
pollen record from Lago di Origlio and our model outputs
Fig. 5 Continued
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show that silver fir declines as an immediate response to
increases in fire frequency, whereas at Lago di Annone
the correlation between charcoal and Abies is less obvious.
Here, Neolithic forest clearances as indicated by increases
in non-arboreal pollen, Pteridium spores and charcoal oc-
cur with a distinct lag after the beginning of the decreases in
Abies. Furthermore, the pollen curves of Tilia and Ulmus,
both taxa considered to be very sensitive to fire (Delarze
et al. 1992), seem to be related more closely to charcoal and
other human indicators and to the expansion of Pteridium
than to Abies. The immediate responses of Tilia and Ulmus
to fire and other human impact starting after the onset of the
two Abies declines may indirectly indicate that fire was not
the only factor triggering the fir declines at Lago di Annone;
however increasing human pressure since the Neolithic was
probably the major reason for the failure of Abies to recover
after its second decline. The regeneration of silver fir after
the impact of fire is severely hampered, because during the
winter, the young trees are the preferred fodder for wild
and domestic animals. There is strong evidence from stud-
ies on coproliths that in the Neolithic evergreen plants such
as Abies and Rubus were used intensively as winter fodder
for domestic animals (e.g. Akeret et al. 1999).
As a montane species with a demand for sufficient hu-
midity (Le´vy and Becker 1987; Desplanque et al. 1998),
silver fir was probably growing at the lower end of its
ecological range in the surroundings of Lago di Annone
(226 m a.s.l.), and therefore sensitive to environmental
changes. Palynological investigations in southern Switzer-
land revealed several cool periods in the Holocene (Zoller
1960, 1977), which occurred simultaneously with timber-
line depressions in the Central and Southern Alps (Wick
and Tinner 1997; Haas et al. 1998). The two Abies phases in
the pollen record of Lago di Annone coincide with cooler
climatic conditions at 8200–7400 cal b.p. (Misox oscil-
lation, Zoller 1960, 1977), corresponding to CE-3 (Haas
et al. 1998) and at 6100–5800 cal b.p. (Piora I oscillation,
corresponding to CE-5), indicated as shaded areas in Fig.
4. Even if the climate scenario used with the DisCForm
model did not seriously affect silver fir (Keller et al. 2002),
climatic warming combined with lower relative humidity
between these cold phases could have led to additional
stress on Abies. The differences in the behaviour of Abies
at Lago di Origlio and at Lago di Annone may partly be
explained by the bedrock geology of the two regions. At
Lago di Origlio, where the well-developed soils on siliceous
bedrock have a high water capacity, the silver fir fluctua-
tions are a clear response to increased fire frequency (Tinner
et al. 1999); however, on the poor calcareous soils in the
catchment of Lago di Annone moisture deficits may have
affected the Abies populations prior to the onset of Ne-
olithic forest clearances. Zoller (1960) discussed some ad-
ditional reasons for the fir declines, such as diseases or soil
characteristics and considered a combination of different
biotic and abiotic factors leading to the extinction of Abies
alba.
Recent genetic studies on European Abies populations
related to modern Abies declines in central Europe have re-
vealed an additional aspect of the mid-Holocene fir decline.
Konnert and Bergmann (1995) studied geographical differ-
entiation among silver fir populations using isozyme gene
markers and concluded that the postglacial re-colonisation
of Europe by Abies occurred from three refugia in France,
central Italy and the Balkans, whereas the refugial popula-
tions in Calabria and in the Pyrenees remained isolated. Re-
ferring to their studies of maternally inherited gene mark-
ers, Liepelt et al. (2002) postulate an eastern and a western
Mediterranean Abies refugium. As shown by palaeobotan-
ical investigations, northern Italy and large areas in cen-
tral Europe were probably re-colonised by fir populations
from the Apennine mountains (Zoller and Kleiber 1971;
Schneider 1985; Huntley and Birks 1983; Lang 1994);
Terhu¨rne-Berson et al. (2004) suggest further refugial ar-
eas in the Pyrenees and potential ones in south-east France
and north-west Italy. According to Larsen (1981, 1986)
and Bergmann et al. (1990), the central-European fir has
considerably lower genetic variation and vitality than pop-
ulations with a provenance in Calabria or on the Balkans.
Larsen (1986) relates the lack in genetic variation of sil-
ver fir to extreme climatic conditions (e.g. drought) affect-
ing the refugial populations before or during their Late-
glacial migration through the Apennines to central Europe.
According to Larsen (1986), the modern decline of sil-
ver fir in Europe since the early 19th century is a conse-
quence of reduced genetic variation resulting in a lack of
adaptability.
With regard to its genetic pre-disposition, the extinction
of Abies alba in our study area becomes more understand-
able. Low adaptability due to insufficient genetic varia-
tion and a coincidence of several unfavourable factors such
as reduced moisture availability, soil characteristics, for-
est fires, human activity and other biotic and abiotic factors
may have imposed a permanent stress on the fir populations
that led to their extinction.
Acknowledgements We would like to dedicate this paper to
Brigitta Ammann, with many thanks for her continuous support
and her commitment to palaeoecological research in the Southern
Alps.
This study was funded by the Swiss National Science Foundation,
grant no. 3100-047047. We are particularly grateful to B. Ammann,
F. Keller, F. Kienast, H. Lischke, T. Mathis, W. Tinner, and the
reviewers H. Bugmann and M. Conedera for their valuable inputs
and comments, and to H.E. Wright for the revision of the English
manuscript.
References
Akeret ¨O, Haas JN, Leuzinger U, Jacomet S (1999) Plant macrofossils
and pollen in goat/sheep faeces from the Neolithic lake-shore
settlement Arbon Bleiche 3, Switzerland. The Holocene 9:175–
182
Andersen ST (1970) The relative pollen productivity and pollen
representativity of North European trees and correction fac-
tors for pollen tree spectra. Danm Geol Unders Ser II (96):
1–99
Becker M (1989) The role of climate on present and past vitality of
silver fir forests in the Vosges mountains of northern France.
Can J Forest Res 19:1110–1117
443
Bergmann F, Gregorius HR, Larsen JB (1990) Levels of genetic
variation in European silver fir (Abies alba). Are they related to
the species’ decline? Genetica 82:1–10
Birks HJB (1997) Reconstructing environmental impacts of fire from
the Holocene sedimentary record. In: Clark JS, Cachier H,
Goldammer JG, Stocks BJ (eds) Sediment records of biomass
burning and global change. NATO ASI Series I. Springer, Berlin,
pp 295–311
Bond WJ, van Wilgen BW (1996) Fire and plants. Chapman & Hall,
London
Bra¨ndli U-B (1998) Die ha¨ufigsten Waldba¨ume der Schweiz. WSL,
Birmensdorf, p 278
Buffi R (1987) Le specie forestali per la zona castanile insubrica.
Mitteilungen Schweizerische Anstalt fu¨r das forstliche Ver-
suchswesen 63:410–656
Bugmann HKM (1994) On the ecology of mountainous forests in
a changing climate: a simulation study. PhD Dissertation No.
10638, ETH Zu¨rich
Bugmann HKM (1996) A simplified forest model to study composi-
tion along climate gradients. Ecology 77:2055–2074
Carcaillet C, Muller SD (2005) Holocene tree-limit and distribution
of Abies alba in the French Alps: anthropogenic or climatic
changes? Boreas 34:468–476
Clark JS (1990) Fire and climate change during the last 750 years in
northwestern Minnesota. Ecol Monographs 60:135–159
Cormack RM (1971) A review of classification. J Roy Stat Soc
134:321–353
Delarze R, Calderlari D, Hainard P (1992) Effects of fire on forest
dynamics in southern Switzerland. J Veg Sci 3:55–60
Desplanque C, Rolland C, Michalet R (1998) Dendroe´cologie
compare´e du sapin blanc et de l’e´pice´a commun dans les
zones internes des valle´es alpine de France. ´Ecologie 29:351–
355
Faegri K, Iversen J (1975) Textbook of pollen analysis. Munksgaard,
Copenhagen
Gobet E, Tinner W, Hubschmid P, Jansen I, Wehrli M, Ammann B,
Wick L (2000) Influence of human impact and bedrock differ-
ences on the vegetation history of the Insubrian Southern Alps.
Veget Hist Archaeobot 9:175–187
Grimm EC (1992) Tilia 2.0 and Tilia × graph 1.18. Illinois State
Museum, Research and Collection Center, Springfield
Guicherd P (1994) Water relations of European silver fir (Abies alba
Mill.) in 2 natural stands in the French Alps subject to contrasting
climatic conditions. Annales des Sciences Forestie`res 51:599–
611
Haas JN, Richoz I, Tinner W, Wick L (1998) Synchronous Holocene
climatic oscillations recorded on the Swiss Plateau and at tim-
berline in the Alps. The Holocene 8:301–309
Huntley B, Birks HJB (1983) An atlas of past and present
pollen maps of Europe: 0–13,000 years ago. Cambridge Uni-
versity Press, London/New York/New Rochelle/Melbourne/
Sidney
Keller F, Lischke H, Mathis T, Mo¨hl A, Wick L, Ammann B, Kienast
F (2002) Effects of climate, fire, and humans on forest dynamics:
forest simulations compared to the palaeoecological record. Ecol
Model 152:109–127
Konnert M, Bergmann F (1995) The geographical distribution of
genetic variation of silver fir (Abies alba, Pinaceae) in relation
to its migration history. Plant Syst Evol 195:19–30
Lang G (1994) Quarta¨re Vegetationsgeschichte Europas. Fischer,
Jena
Larsen JB (1981) Waldbauliche und ertragskundliche Erfahrun-
gen mit verschiedenen Provenienzen der Weisstanne (Abies
alba Mill.) in Da¨nemark. Forstwissenschaftliches Centralblatt
100:180–183
Larsen JB (1986) Das Tannensterben: Eine neue Hypo-
these zur Kla¨rung des Hintergrundes dieser ra¨tselhaften
Komplexkrankheit der Weisstanne (Abies alba Mill.).
Forstwissenschaftliches Centralblatt 105:381–396
Le´vy G, Becker M (1987) Le de´perrissement du sapin dans les Vos-
ges: roˆle primordiale de de´ficits d’alimentation en eau. Annales
des Sciences Forestie`res 44:403–416
Liepelt S, Bialozyt R, Ziegenhagen B (2002) Wind-dispersed pollen
mediates postglacial gene flow among refugia. PNAS 99:14590–
14594
Lischke H (1998) Simulationsstudien der Reaktion auf einen
schnellen Klimawechsel. Zusammensetzung der Arten im
Schweizer Wald Kompet-Zentr Holz 6:12–14
Lischke H, Lo¨ffler T, Fischlin A (1998) Aggregation of individual
trees and patches in forest succession models — Capturing vari-
ability with height structured random dispersions. Theor Popul
Biol 54:213–226
Lischke H, Lotter A, Fischlin A (2000) Untangling a post-glacial
pollen record with forest model simulations and independent
climate data. Ecol Model 150:1–21
Lo¨ffler TJ, Lischke H (2001) Incorporation and influence of vari-
ability in an aggregated forest model. Nat Res Model 14:103–
137
Lotter A, Kienast F (1990) Validation of a forest succession model
by means of annually laminated sediments. Geol Surv Finland
14:25–31
Mathis T, Keller F, Mo¨hl A, Lischke H (2001) Influence of climate,
species immigration, fire, and men on forest dynamics in North-
ern Italy from 6000 cal B.P. to today. In: Visconti et al. (eds)
Global change and protected areas. Kluwer, Dordrecht, pp 195–
208
Oberdorfer E (1964) Der insubrische Vegetationskomplex, seine
Struktur und Abgrenzung gegen die submediterrane Vegetation
in Oberitalien und in der Su¨dschweiz. Beitra¨ge Naturkundlicher
Forschung SW-Deutschland 23:141–187
Schneider R (1978) Pollenanalytische Untersuchungen zur Kenntnis
der spa¨t- und postglazialen Vegetationsgeschichte am Su¨drand
der Alpen zwischen Turin und Varese (Italien). Botanische
Jahrbu¨cher fu¨r Systematik 100:26–109
Schneider R (1985) Palynological research in the southern and
southeastern Alps between Torino and Trieste. Diss Bot 87:83–
103
Schneider R, Tobolski K (1985) Lago di Ganna — Late glacial and
Holocene environments of a lake in the southern Alps. Diss Bot
87:229–271
Stockmarr J (1971) Tablets with spores used in absolute pollen anal-
ysis. Pollen et Spores 13:615–621
Terhu¨rne-Berson R, Litt T, Cheddadi R (2004) The spread of Abies
throughout Europe since the last glacial period: combined
macrofossil and pollen data. Veget Hist Archaeobot 13:257–
268
Tinner W, Conedera M (1995) Indagini paleobotaniche sulla storia
della vegetazione e degli incendi forestali durante l’Olocene
al lago di Origlio (Ticino meridionale). Bolletino della Societa`
Ticinese di Scienze Naturali 83:91–106
Tinner W, Conedera M, Ammann B, Ga¨ggeler HW, Gedye S,
Jones R, Sa¨gesser B (1998) Pollen and charcoal in lake sed-
iments compared with historically documented forest fires
in southern Switzerland since AD 1920. The Holocene 8:
31–42
Tinner W, Hubschmid P, Wehrli M, Ammann B, Conedera M (1999)
Long-term forest fire ecology and dynamics in southern Switzer-
land. J Ecol 87:273–289
Tinner W, Conedera M, Gobet E, Hubschmid P, Wehrli M, Am-
mann B (2000) A palaeoecological attempt to classify fire-
sensitivity of trees in the Southern Alps. The Holocene 10:565–
574
Wick L (1989) Pollenanalytische Untersuchungen zur spa¨t- und post-
glazialen Vegetationsgeschichte am Luganersee. Eclogae Geo-
logica Helveticae 82:265–276
Wick L (1996a) Spa¨t- und postglaziale Vegetationsgeschichte in den
Su¨dalpen zwischen Comersee und Splu¨genpass (Norditalien).
Dissertation, University of Bern
Wick L (1996b) Late-Glacial and early-Holocene palaeoen-
vironments in Brianza, N Italy. Il Quaternario 9:653–
660
Wick L, Tinner W (1997) Vegetation changes and timberline fluc-
tuations in the Central Alps as indicators of Holocene climatic
oscillations. Arctic Alpine Res 29:445–458
444
Wick L, van Leeuwen JFN, van der Knaap WO, Lotter AF
(2003) Holocene vegetation development in the catchment of
Sa¨gistalsee (1935 m a.s.l.), a small lake in the Swiss Alps. J
Paleolimnol 30:261–272
Wolda H (1981) Similarity indices, sample size and diversity. Oeco-
logica 50:296–302
Zoller H (1960) Pollenanalytische Untersuchungen zur Vegetations-
geschichte der insubrischen Schweiz. Denkschrift der Schweiz-
erischen Naturforschenden Gesellschaft 83:45–156
Zoller H (1977) Alter und Ausmass postglazialer Klimaschwankun-
gen in den Schweizer Alpen. In: Frenzel B (ed) Dendrochronolo-
gie und postglaziale Klimaschwankungen in Europa. Erd-
wissenschaftliche Forschung 13. Steiner, Wiesbaden, pp
271–281
Zoller H, Kleiber H (1971) Vegetationsgeschichtliche Untersuchun-
gen in der montanen und subalpinen Stufe der Tessinta¨ler.
Verhandlungen Naturforschende Gesellschaft Basel 81:
90–154
